INTRODUCTION
Liver cell functions are modulated by a complex network of intracellular and transmembraneous signaling mechanisms. Not only hormones, but also bile acids have increasingly been recognized to trigger hepatocellular signaling mechanisms in vitro [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . This article is aimed to give a brief overview on the present knowledge of bile acid-mediated modulation of hepatocellular signaling. It will focus on three key messengers of the hepatocellular signaling network: cytosolic free Cal [Ca++] i, protein kinase A (PKA), and protein kinase C (PKC).
EFFECTS OF BILE ACIDS ON [Ca++]i
Cytosolic free calcium [Ca+] i is of key importance for the control of many cell functions, including secretion [13, 14] . [Ca++] i levels in hepatocytes are 100-200 nM under resting conditions. Increases in [Ca++] i are induced by depletion of inositol 1,4,5-trisphosphate (IP3)-sensitive or ryanodine-and Ca++-sensitive microsomal stores as well as by Ca" influx across the plasma membrane [13, 14] . [Ca++] i levels are renormalized by active, ATP-dependent Ca++ extrusion mechanisms across the plasma membrane or the membranes of the endoplasmic reticulum.
[Ca++]i levels are ten-thousand-fold lower than extracellular levels (10-3 M) and a thousand-fold lower than those within the endoplasmic Ca++ stores (104 M).
It has been assumed previously that bile acid-induced hepatotoxicity and cholestasis may also be mediated by changes in [Ca+] i [1, 3, 4] . Because hydrophilic taurine-and glycine-conjugated ursodeoxycholic acid (TUDCA, GUDCA) protect hepatocytes from more hydrophobic bile acids in vitro and in vivo [15] [16] [17] , we studied the effect of TUDCA in comparison to other bile acids on [Ca++] i in groups of isolated hepatocytes in short-term culture using microspectrofluorometry [7, 8] . We observed that the hydrophilic bile acid TUDCA, at a physiological concentration of only 5 ,uM, induced a sustained increase of
[Ca+]i of about 400 nM [7] under physiological conditions [14] . The effect of TUDCA at low micromolar concentrations on [Ca+] i was stronger than that of any other bile acid tested at equimolar concentrations [7] and was due to IP3-independent depletion of IP3-sensitive endoplasmic Ca" stores and to stimulation of influx of extracellular Ca' across the plasma membrane via
Ni++-sensitive Ca++ channels [7, 8, 10; Table 1 ]. This may be due to lack of Ca++ influx [5] and/or due to activation of Ca++ extrusion mechanisms [2] . IP3 formation was not affected by any of these bile acids [4, 7, 10] indicating that phosphoinositolbisphospate-dependent phospholipase C is not a target of bile acids (Table 1) . A sustained [Ca" ]i increase is the key signal for the stimulation of regulated exocytosis in a number of secretory cells, including pancreatic acinar cells, platelets, and chromaffine cells [18] . In the liver cell, stimulation of exocytosis may lead to targeting and insertion of tranport proteins in the canalicular membrane, thereby regulating bile excretory function [19, 20] . In experimental cholestasis, the process of hepatocellular exocytosis is impaired [21, 22] .
The effect of bile acids on hepatocellular exocytosis was studied in the isolated perfused rat liver. In livers preloaded with horseradish peroxidase (HRP), an established marker of the vesicular pathway, TUDCA, but neither TCA nor TCDCA induced a sustained stimulation of biliary HRP secretion [8] . This effect was Call-dependent and was not observed when extracellular Cal+ was lowered to levels below 0.2 mM, low enough to prevent an agonist-induced sustained increase of [Ca++] i , yet adequate to prevent Ca++-deprivation-induced cholestasis in the perfused rat liver [8] . Thus, TUDCA stimulates hepatocellular exocytosis by Ca++-dependent mechanisms.
EFFECTS OF BILE ACIDS ON PROTEIN KINASE A Cyclic AMP is the physiological activator of protein kinase A (PKA) and is formed from ATP by adenylate cyclase. Cyclic AMP is implicated in numerous hepatocellular processes including bile secretion [13] . The effect of dihydroxy bile acids on cAMP formation has been studied in isolated hamster hepatocytes [11] . UDCA [13, [23] [24] [25] . At least 10 different PKC isoforms have been identified in man [26, 27] , and five of them (a, [ II, 6, £, 4) have been described in liver cells [9, 12] . Activation of PKC isoforms involves 2 major steps [26, 27] : (i) translocation of the protein from cytosol to the membranes with binding to membrane phosphatidylserine residues, translocation of the conventional isoforms a, 1B, and y being Ca++-dependent; (ii) binding of the physiological activator sn-1,2-diacylglycerol (DAG) to the regulatory site of the PKC molecule leading to (iii) activation of the membrane-bound enzyme.
(i) Translocation of PKC isoforms by bile acids TUDCA at low 10 iM concentrations induced translocation of the Ca++-sensitive aisoform from cytosol to the membranes as observed by Western blotting studies and confirmed by immunohistochemistry [9] . However, the 6-, £-, and 4-isoform were not affected by TUDCA in isolated hepatocytes in short-term culture [9] . Translocation of a-PKC by TUDCA was also observed in primary hepatocyte cultures by Stravitz et al. [12] as well as in isolated hamster hepatocytes by Bouscarel et al. [11] . Thus, TUDCA apparently induces translocation of only the Ca++-sensitive a-isoform in hepatocytes at low micromolar concentrations (Table 2 ). In contrast, immunoblotting and immunohistochemical studies did not reveal an effect of TCA at low 10 jM concentrations on the distribution of PKC isoforms in isolated hepatocytes in short-term culture [9] whereas TCA at higher concentrations caused translocation of the a, 6 , and E isoforms in primary hepatocytes cultured for at least 18 hr [12; Table 2 ]. These differences may depend on the differences in the experimental conditions (e.g., metabolically active vs. resting state depending on the period of culture; hormones added to the culture medium; rate of bile acid uptake; bile acid concentrations chosen). Preliminary data indicate that the hydrophobic bile acid taurolithocholic acid (TLCA) induces translocation of only the E-isoform at low micromolar concentrations in freshly isolated rat hepatocytes (Beuers et al., Hepatology 26:262A, 1997; Table 2 ).
(ii) Accumulation of sn-1,2-diacylglycerol (DAG)
The formation of sn-1,2-diacylglycerol (DAG) and the binding of DAG to the DAG binding site in the C1 region of the PKC molecule is required for activation of the enzyme [26, 27] . DAG formation is mainly mediated by phospholipase C and phospholipase D isoforms in mammalian cells [28] . Phospholipase C isoforms tend to induce a transient increase of DAG mass with a maximum after 1-2 min, whereas a sustained increase of DAG mass in mammalian cells may mainly result from cleavage of phosphatidylcholine by the sequential action of phospholipase D and phosphatidic acid hydrolase [28, 29] .
A number of bile acids, including TUDCA, TCA, TCDCA, and TLCA, induce a sustained accumulation of DAG mass in isolated hepatocytes in short-term culture as determined by a combined radioenzymatic and chromatographic technique [9] (Table 2 ). These findings together with the observation that TUDCA and other bile acids do not affect IP3 levels in hepatocytes [see above; 4, 7, 10], suggest that bile acid-induced DAG accumulation is mainly caused by cleavage of phosphatidylcholine as mediated by the sequential activation of phospholipase D and phosphatidic acid hydrolase [9] . (iii) Activation of membrane-bound PKC Activation of total membrane-bound PKC (all isoforms) by bile acids was expected since a prerequisite for activation by bile acids, i.e., stimulation of hepatocellular DAG accumulation has been demonstrated. However, the pattern of membrane-bound PKC isoforms depends on the bile acid to which the cell is exposed. Indeed, TUDCA as well as TCA induced a sustained activation of total membrane-associated PKC in isolated hepatocytes in short-term culture [9] in line with their effect on DAG accumulation in isolated hepatocytes ( Table 2 ). The stimulating effect of bile acids on hepatocellular PKC activity was confirmed by studies performed in vitro [30] . In those studies, activation of PKC was related to the degree of hydrophobicity of a bile acid [30] , a phenomenon which was not observed in hepatocytes in short-term culture [9] . The reason for these differences remains unclear, although the sinusoidal uptake rates of bile acids may differ under different culture conditions.
MODEL OF TUDCA-INDUCED STIMULATION OF
HEPATOCELLULAR SECRETION UDCA improves biochemical and histological parameters [31] and prolongs survival in patients with primary biliary cirrhosis [32, 33] . Similar effects of UDCA on biochemical (and partly histological) parameters have been described in other chronic cholestatic diseases, such as primary sclerosing cholangitis [34] [35] [36] , cystic fibrosis-associated liver disease [37] , and progressive familial intrahepatic cholestasis [38] . However, the effect of UDCA on survival time has not been established, due to the limited number of patients who have participated in controlled trials. The mechanism of action of UDCA is still unclear although experimental evidence suggests that stimulation of hepatocellular secretion by UDCA conjugates may be of key importance for the beneficial effect of UDCA in cholestatic disorders [15, 39] .
The differential effects of bile acids on signaling and secretory mechanisms of the liver cell led us to propose a model of TUDCA-induced stimulation of hepatocellular secretion [7] [8] [9] : After carrier-mediated uptake into the hepatocyte, TUDCA induces a sustained increase of [Ca++] i by depleting IP3-sensitive microsomal Ca++-stores independently of IP3 and by stimulating Call influx across the plasma membrane via Nil'-sensitive Ca++-channels. The Ca++ increase may induce translocation of the Ca++-sensitive a-isoform of PKC to the membranes as seen in other cell systems. Bile acid-induced accumulation of DAG may then activate the membrane-associated a-PKC. TUDCA stimulates sustained, Ca++-dependent vesicular exocytosis which may also be mediated by a-PKC. We speculate that TUDCA may enhance the secretory capacity of the cholestatic liver cell as it does in normal liver by stimulating apical exocytosis and thereby inducing targeting and insertion of transport proteins into the canalicular membrane [8, 9, 40] .
SUMMARY
Two of the key messengers of the hepatocellular signaling network, [Ca++] i and protein kinase C (but not cAMP-dependent protein kinase A), are directly modulated by bile acids at physiological concentrations in isolated liver cells. The functional implications of bile acid-induced signaling in liver cells are still incompletely understood.
